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Vortex beams with helical phase wavefronts and doughnut-shaped intensity profiles hold great promise for optical
trapping, imaging, and quantum communication. However, dynamic control over their steering and focusing remains
challenging with existing static generation methods. Here, we demonstrate a dynamic and compact moiré metasurfaces
that enables full three-dimensional (3D) control over vortex beams. The paradigm incorporates a numerical unit cell model
and an off-axis angular spectrum algorithm based on the generalized Snell’s law of refraction in full space. The beam’s
transverse position and longitudinal focal length can be simultaneously controlled by integrating phase elements such as
gratings, lenses, and spiral phase plates. This scheme offers a 12x large axial zoom range from 7.42 mm to 85.45 mm
and a lateral steering capability of up to £48 mm. The device exhibits an average side-mode suppression ratio of 27.3
and maintains a constant full width at half maximum over a 50° deflection range, preserving beam quality and directional
stability during dynamic steering. This lightweight vortex beams solution may open new ways for dynamic beam shaping
in super-resolution imaging, free-space communication, and biophotonics.
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1. Introduction

Structured light, with its freely tailorable amplitude,
phase, and polarization distributions, offers unprecedented
control over light matter interactions and the spatial shap-
ing of optical fields.!!) Unlike conventional Gaussian beams,
structured light modes, such as Bessel beams, Airy beams,
and vector beams, exploit spatial degrees of freedom to en-
able novel functionalities in optical trapping, high-resolution
imaging, and optical communication. Among these, vortex
beams (VB) stand out due to their helical phase wavefronts,
doughnut-shaped intensity profiles, and orbital angular mo-
mentum (OAM).!? Since the theoretical introduction of op-
tical OAM by Allen er al. in 1992,5! vortex beams have un-
locked new possibilities in quantum information science, high-
capacity data transmission, and micro-manipulation. The in-
trinsically high-dimensional nature of OAM modes provides
a rich Hilbert space for encoding information, establishing a
foundation for next-generation photonic technologies. Contin-
ued advances in the generation, manipulation, and application
of vortex light have since propelled a wide array of emerging
applications across both classical and quantum domains. [+~7]

Traditionally, vortex beams have been generated and
controlled using various methods, including spiral phase
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plates (SPPs),[3-19 computer-generated holography,[!112] g-
plates,!'314] and spatial light modulators (SLMs).!1>16] These
approaches typically rely on phase modulation through the
propagation of light in continuous media, such as lenses or
wave plates, to imprint the desired helical wavefront. How-
ever, such conventional techniques are inherently constrained
by the physical size, material limitations, and structural com-
plexity of bulk optical components.l'”l As a result, they
face challenges in scalability, efficiency, and dynamic tun-
ability. In particular, vortex beams produced through these
static methods often possess fixed topological charges and
modal structures, such as Laguerre-Gaussian or Bessel beam
profiles,!'®1°1 making them ill-suited for applications requir-
ing adaptability to dynamic environments.

In recent years, metasurfaces, planar, and two-
dimensional (2D) structures, composed of periodic arrays of
subwavelength-scale meta-atoms, have emerged as a powerful
platform for the precise and efficient manipulation of light. 2!
These ultrathin optical elements have revolutionized the gen-
eration and control of structured light, offering unprecedented
flexibility that extends far beyond the capabilities of tradi-
tional bulk optics. Owing to their compact form factor, low

weight, cost-effectiveness, and ease of integration, metasur-
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faces have enabled a new class of miniaturized optical sys-
2122] o

tical camouflage, >34 holographic displays,?>?%! and quan-

tems and found widespread application in imaging,!

tum information processing.!?”-?8! In particular, metasurfaces
have shown extraordinary potential in the generation and con-
trol of structured light. Metasurfaces have been used to
generate vortex beams with arbitrary integer and fractional
topological charges,[>”! create Bessel beam arrays through
Huygens metasurfaces by combining Dammann grating and

[30

axicon functionalities,?Y and realize three-dimensional (3D)

multi-target holographic encryption via OAM multiplexed

(311 Furthermore, the multi-degree-of-freedom de-

holography.
sign inherent to metasurfaces facilitates multidimensional cou-
pling of OAM with polarization and wavelength,*?! open-
ing new avenues for high-capacity optical communication and
quantum encoding. These advances break limitations that ex-
ist in conventional optics so far and cannot be replaced by con-
ventional optics or other wavefront modulation tools.

As the field of metasurfaces continues to evolve, there
is a growing demand for multifunctional and dynamically re-
configurable devices to meet the requirements of next gen-
eration photonic applications.**! However, once fabricated,
conventional metasurfaces exhibit fixed structural geometries
and optical responses, limiting their dynamic adaptability.
To address this challenge, a variety of tunable platforms
have been explored, including phase change materials,?>34]
graphene,**! liquid crystals,®37] and micro electromechan-
ical systems (MEMS).[8 These technologies have enabled
important breakthroughs in applications such as optical com-
munication, optical trapping, microscopy, and LiDAR. Nev-
ertheless, their integration often involves trade-offs in com-
plexity, cost, scalability, or response speed, posing barriers to
widespread deployment. Given the unique properties of vor-
tex beams, including their helical phase wavefronts and annu-
lar intensity profiles coupled with their intrinsic orbital angu-
lar momentum, there is increasing interest in leveraging them
for disruptive applications in quantum communication, super-
resolution imaging, and optical manipulation. These demands
underscore an urgent need for compact systems capable of effi-
ciently generating vortex beams while enabling dynamic beam
steering and focal tuning in a unified and reconfigurable plat-
form.

The integration of moiré-effect-based optical devices of-
fers a novel and versatile approach for achieving continu-
ous 3D control of vortex beams. First proposed by Bernet
et al. in 2008,1°! moiré structures are composed of two or
more cascaded diffractive optical elements, where the out-
put wavefront can be dynamically reshaped through rela-
tive rotational alignment. By carefully designing the sur-
face phase profiles of each layer, moiré optical elements
can continuously tune the behavior of conventional com-

ponents such as zoomable Fresnel lenses,#%! axicons, and
spiral phase plates with adjustable topological charges.!*!]
Metasurfaces, with their ultrathin form factor, high de-
sign freedom, and fabrication compatibility, present a com-
pelling alternative to traditional diffractive optical elements.
When configured in a moiré architecture, metasurfaces have
demonstrated remarkable application potential in areas such
as constant-magnification fluorescence microscopy,*?! full-

spectrum computational imaging, [4*!

[44

augmented reality (AR)

(431 Of particular in-

systems,** and optical edge detection.
terest is their capability to modulate structured light fields.
For instance, moiré metasurfaces have enabled the dynamic

g, 146

tuning of vortex beam topological charges,*®! lateral steer-

ing of Airy beams,*”] and control over the order and non-

5.148] Moreover, by leverag-

diffracting length of Bessel beam
ing rotational control, vortex beams with distinct topological
charges can be spatially separated into different channels, en-
abling multi-channel signal routing.[*”! When combined with
polarization multiplexing, such platforms can simultaneously
tune the vortex beam’s topological charge across a range from
—3 to 43 while also adjusting its vector polarization state. "]
Notably, the moiré effect offers an inherently broadband and
scalable approach, with demonstrated applicability across the

(511 microwave,°%) and terahertz>3! regimes, and even

visible,
extends to the manipulation of acoustic waves.>*! These ca-
pabilities position moiré metasurfaces platforms as a powerful
solution for dynamic wavefront engineering in both photonic

and phononic systems.

(a)

(b)

(c)

Fig. 1. The schematics of the twisted metasurfaces. (a) A single-layer twisted
metasurface enables one-dimensional beam steering with a fixed elevation
angle, denoted as 6;;. (b) A double-layer twisted metasurfaces supports con-
tinuous 2D lateral beam deflection. (c) The three-layer twisted metasurfaces,
which integrates a moiré zoom lens with a double-layer twisted system shown
in panel (b), enables full 3D steering of vortex beams.

Here, we propose a twisted metasurfaces-based strategy
that integrates gratings, dynamic focusing, and spiral phase
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modulation to enable flexible control of vortex beams at arbi-
trary positions in 3D space. This approach combines the prin-
ciples of generalized Snell’s law throughout the full space with
plane wave angular spectrum theory to achieve comprehensive
beam shaping. As a proof of concept, we demonstrate three
moiré metasurfaces devices capable of structured beam ma-
nipulation in one, two, and three dimensions. A single-layer
twisted metasurface is employed to achieve one-dimensional
beam steering, while a double-layer twisted metasurfaces en-
ables unrestricted 2D lateral deflection, maintaining high op-
tical throughput throughout the tuning range. The three-layer
twisted metasurfaces, which integrates a moiré zoom lens with
a double-layer twisted system, achieves simultaneous zoom-
ing and steering of vortex beams in three-dimensional space.
Schematics of these three metasurfaces configurations are il-
lustrated in Fig. 1. This multifunctional platform is expected to
advance applications in optical communication, optical trap-
ping, and super-resolution imaging.

2. Designs and principles

When an incident beam sequentially passes through each
layer of the twisted metasurfaces, its propagation direction
and the focal position can be continuously modulated via
rotational tuning. The interaction of light with a single-
layer metasurface is governed by the generalized Snell’s law,
which describes the anomalous refraction induced by spa-
tially varying phase gradients. By decomposing the wavevec-
tor components in the 3D space, different forms of 2D [20]
or 3DI361 expressions can be obtained. For simplicity
and generality, we adopt the 3D formulation illustrated in
Fig. 2(a). When the incident and refracted rays do not lie
in the same plane, the corresponding wavevectors can be ex-
pressed as k; = kon; [sin (6;) cos (¢;) ,sin (6;) sin (@) ,cos (6;)]
and ky = kony [sin (6;) cos (@) , sin (6;) sin(¢) ,cos (6;)], where
ko = 2m/Ap is the vacuum wave number, Ay is the free-
space wavelength, and »n; and n are the refractive indices of
the isotropic, homogeneous media on the incident and trans-
mission sides of the metasurface, respectively. The angu-
lar orientation of the wavevector k is defined by the eleva-
tion angle 0, which describes the angle between k and the
optical axis (z axis), and the azimuthal angle ¢, which is
the angle between the projection of k onto the xy-plane and
the x axis. These angles satisfy the normalization condition
[sin () cos (¢)]> + [sin (8) sin (¢)]* +cos? (8) = 1. Assuming
that the local phase distribution of the metasurface is denoted
by @, the generalized law of refraction in full 3D space can be

written as
nesin (6;) cos (@) = n;sin (6;) cos (¢i)+%aa—f, ()
nesin (6;) sin (@) = n;sin (6;) Sin(¢i)+§?t(z(f. )

For cascaded metasurfaces design in this work, we assume that
ni =ny =1, and 6; = 0, the generalized Snell’s law of refrac-
tion simplifies to

2 foke )
% sin (6;) cos (@) = e 3)
2 foke )
%” sin(8) sin (9) = 75 )

In order to control the deflection of the light beam, we de-
signed a twisted metasurface as a demonstration and set its
phase distribution to &; (¢, r):

D1 (@,r) = Ckorsin (@) = Ckoy, (5)

where C is a constant with a value range of (—1, 1). (@,r) is
the polar angle and radius of the unit structure on the meta-
surface with the center of the metasurface as the origin. The
metasurface is rotated clockwise by 81, and the phase distribu-
tion after rotation corresponds to formulas (3) and (4), and the
deflection angle of the outgoing light beam is obtained

bu =3+, ©6)
0,1 = arcsin (C). @)

This shows that the elevation angle 6 of the light beam
emitted from the metasurface model is always a fixed value,
namely arcsin (C), and the azimuth angle ¢y rotates with the
rotation of the metasurface 0y, and the deflection trajectory on
the emission plane is a circle.

To achieve arbitrary two-dimensional beam steering on
the output plane, we design a twisted double-layer metasur-
faces structure that leverages the moiré effect. Let the phase
profiles of the two metasurfaces be designed as @, and Ps,
respectively. When the spacing between the two layers is suf-
ficiently small, diffraction effects in the intermediate gap can
be neglected.

D, (@, r) = Ckorsin (@) = Ckoy,
@3 (@, 1) = —Ckorsin (@) = —Ckqy. (8)

The first metasurface rotates clockwise by 6, and the sec-
ond metasurface rotates clockwise by 63. Comparing with
Snell’s law in the whole space, the relationship between the
rotation angles 6,, 63 and the deflection directions of the out-

going beams 6y, ¢» can be obtained, which can be expressed

as follows:

2r
%sm(&z)cos(qxz)

_ adscom _ . 0 — 6, 03+ 6,

= 5 = 2Ckq sin — cos — )
2—ﬂ:sin(ﬂ )sin (@)
X 2 2
0D 6;—6 6;+06

= a‘;"m:zCkOsin( = z)sin( “ZL 2). ©)
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The numerical solution can be directly obtained from the
above equation, and one possible solution can be expressed as
(as shown in Fig. 2(b)):

6, = arcsin [ZCsin (63 ; 62) ] ,

6;+06
fo=—"7— (10)
Here, when the value range of 6, and 65 is (—180°, 180°), the

corresponding scanning range of the outgoing beam on the 2D

plane is
6t2 S [_ ema)u emax] )
P € [—180°,180°],

where the maximum elevation angle of the outgoing beam is
Omax = arcsin (2C).

(a) kt = koni(sin(6;)cos(¢r),sin(6;)sin(¢),cos(6;))

ki = koni(sin(6;)cos(¢:),sin(6;)sin(¢;),cos(6;))
b2 (%)

O max 180
100

0 = o 0
<
—100

—Omax " —180

—100 0 100
02 (%) 6 (°)

—100 0 100

Fig. 2. (a) Generalized Snell’s law of refraction in 3D space. A metasur-
face with a phase profile @ modifies the trajectory of an incident wave at
the interface between isotropic homogeneous media with refractive in-
dices n; and n;. The rainbow-colored gradient denotes the spatial phase
distribution. The incident and refracted wave vectors are k; and ki, re-
spectively. (b) Functional relationship between the rotation angles 6,
and 63 of the twisted double-layer metasurface and the resulting polar
angle 6y, and azimuthal angle ¢, of the output beam.

In order to design a 3D zoom metadevice, we cascaded
three metasurfaces, and the phase distributions of the three
cascaded metasurfaces are @4 (@,r), Ps(@,r), and D (0, r),
respectively. The principle of phase superposition is used to
combine the functions of on-axis zoom and deflection control
with the spiral phase plate.

In order to control the zoom of the beam in the optical

axis direction (z-axis), we designed the following phase pro-
file

2
¢a(¢7r) = Tf()(p,

2
%((P,r):fmw (11

Here, fy is the reference focal length. When the two meta-
surfaces rotate relative to each other by 6, combined with the

phase of the lens Tjens = exp ( — i”Trz f). the adjustable focal
length is obtained

_h
ho

Although both quadratic and hyperbolic phase profiles can

S (12)

achieve focusing, in our case, the quadratic phase yields a
near-linear and analytically tractable relationship between the
relative rotation angle and the effective focal length (as ex-
pressed in Eq. (12)). Moreover, when used as the phase distri-
bution for moiré metasurface layers, the quadratic phase intro-
duces smaller deviations compared to the hyperbolic phase, 7!
making it more suitable for our design under the given condi-
tions.

In order to make the vortex light realize the beam deflec-
tion function while zooming, we superimpose the phases of
D (@,r), P3(@,r) with @, (@,r), and P, (¢,r). The phase
distribution of the three cascaded metasurfaces that realizes
the three-dimensional zoom of the vortex light can be ex-
pressed as

Dy (@,r) = P2 (@,r) = Ckorsin (@),
D5 (@,r) = P3(@,r) + Dy (@,r)

2

;

“ah?
2
D (9,r) = D, (9,r)+1p = ;—ﬁ)wzw. (13)

= —Ckorsin (@)

The cascaded structure of the three metasurfaces func-
tions equivalently to an off-axis vortex metalens with tunable
focal length and steering capability. Specifically, when the
third metasurface (MS3) is rotated relative to the second meta-
surface (MS2), the system exhibits a zooming effect. Con-
versely, rotating the first metasurface (MS1) relative to MS2
enables beam steering through angular deflection. When all
three metasurfaces are rotated at different angles, the com-
posite system achieves simultaneous focal length tuning and
off-axis beam control. In this work, the metasurfaces act as
phase-only periodic elements. We design the system’s over-
all phase response by engineering the phase transfer functions
of individual layers. Figure 3 illustrates the phase distribu-
tions of the individual metasurfaces and their combined re-
sponse under various relative rotation states. In the first con-
figuration, where MS1 and MS2 remain fixed while MS3 is
rotated clockwise by 10°, the system forms an on-axis metal-
ens with a focal length of 18 fj. Increasing the rotation of MS3
to 30° reduces the focal length to 6 f, maintaining on-axis fo-
cusing. In a third scenario, MS3 remains fixed while MS1 is
rotated clockwise by 30° and MS2 is rotated counterclockwise
by 30°, resulting in off-axis focusing. Since MS3 retains a 30°
clockwise rotation relative to MS2, the focal length remains
constant at 6fy. However, the additional 60° relative rotation
between MS1 and MS2 introduces angular steering, yielding
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a deflection in elevation angle of arcsin[2C'sin (30°) while the
azimuthal angle remains 0°. In the fourth scenario, the relative
rotation between MS3 and MS2 is maintained at 30°, ensuring
the same focal length as in the third case. Meanwhile, the rela-
tive rotation angle between MS1 and MS2 is increased to 120°,
further enhancing the deflection angle of the output beam.

MSI (6; =0°)  MS2 (6, = 0°)

MSI(8; =0°)  MS2 (8, =0°)
MS1 (8; = 30%)

MS1 (6; = 60°)

Fig. 3. Phase distribution of three-layer twisted metasurfaces with vor-
tex light 3D zoom and its cascade phase distribution.

3. Results and discussion

As described in Eq. (13), the constants C and fy are piv-
otal in enabling beam deflection and zooming via the twisted
metasurfaces system. Specifically, C governs the maximum
deflection angle of the output beam, while fy defines the fo-
cusing position of the light beam. In our case, the incident
wavelength is set to 633 nm, and the diameter of metasurface is
1 mm. Each metasurface is composed of cylindrical nanopil-
lars with varying diameters to achieve a full 27 phase cov-
erage, independent of polarization. The unit cell consists of
Si3N4 nanopillars with a height of 900 nm (H) and a period of
250 nm (P), fabricated on an SiO; substrate. The pillar diam-
eters D range from 100 nm to 240 nm. As a proof-of-concept
demonstration, achieving full 27 phase modulation and high
optical transmittance is essential to approximate the ideal
phase profile and ensure high-fidelity wavefront control. Cur-
rently, silicon nitride and titanium dioxide,*%%1 as CMOS-
compatible, high-band-gap dielectrics, offer excellent trans-
parency over the visible to near-infrared range (~ 400 nm—
900 nm), making them attractive platforms for low-loss, high-
efficiency metasurfaces. Prior studies have demonstrated that
Si3Ny4 nanopillars with comparable aspect ratios can be re-
liably fabricated using advanced nanofabrication techniques

such as electron-beam lithography!®?! and inductively coupled

plasma (ICP) fluorine etching.!®!! Therefore, we believe that
the functionalities demonstrated in this work can be feasi-
bly realized using current nanofabrication processes. Lumer-
ical FDTD Solutions is used to characterize the optical re-
sponse of the nanopillar unit cells. By changing the diame-
ter D of the cylinder, the phase of the transmitted light can
be modulated from —7 to 7, while the average transmittance
is 97%, keeping the transmission amplitude close to 1. The
simulated phase and amplitude responses of the unit cell are
shown in Fig. 4. To ensure that the beam remains confined
within the optical path between the cascaded metasurfaces,
we choose C = 0.3 and fy = 2.5. To ensure effective moiré
pattern formation, the spacing between metasurfaces is main-
tained below the Talbot distance; 3! in this work, it is set to
200 nm, allowing the diffracted wavefronts to spatially over-
lap and interact as intended. This requirement is experimen-
tally feasible. Moreover, this value can be further scaled
by increasing the metasurface period or by reducing the op-
erating wavelength, depending on the specific design objec-
tives. Prior studies have demonstrated spacing control us-
ing deposited SiO, layers,>’! phase retrieval methods based
on the Huygens—Fresnel principle, [®?! ray-tracing back-design
approaches,>®! and complex optical alignment strategies for

multi-plane imaging. [63-64]
(a) (b)
so, P 6 1.0
SigNy 5t {0.8
H T o4 2
£ 0.6 %
o 3r g
g lo4 2
Ao2r &
1 10.2

<5

Fig. 4. Details about the numerical simulation of the metasurface unit cell.

0 . . . . . . 0
50 60 70 80 90 100 110 120
Radius (nm)

3.1. Beam steering control

The beam deflection performance of the twisted metasur-
faces is evaluated through numerical simulations performed in
Lumerical FDTD Solutions. The computational grid is auto-
matically generated by the simulation software, and perfectly
matched layer (PML) boundary conditions are applied on all
sides to eliminate spurious reflections and ensure the energy
conservation. To evaluate angular steering, we rotate a single-
layer twisted metasurface from 0° to 360° in 30° increments.
At each step, we compute the far-field electric field intensity
distribution. The regions with the intensity below 10% of the
peak value are excluded, and the integrated intensity is plotted,
as shown in Fig. 5(a).

The relationship between the rotation angle of the single-

layer twisted metasurface and the output beam direction based
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on simulation results is summarized in Table 1. 6 refers to the
rotation angle of a single-layer metasurface. 6 and ¢; denote
the elevation angle and the azimuth angle of the output beam,
respectively. According to Eq. (7), the elevation angle 6;; of
the outgoing beam remains constant at arcsin(C). In our de-
sign, we set C = 0.3, giving 6;; ~ 17.46°. As the metasurface
rotates, the azimuthal angle of the outgoing beam varies in ac-
cordance with Eq. (6), enabling continuous one-dimensional

(1D) beam steering. The average optical transmittance of the

single-layer metasurface is 93.85%.

To further validate the 2D beam steering capability, we
employ a double-layer twisted metasurfaces. As illustrated in
Fig. 5(b), the far-field intensity distributions at a projection
distance of 1 m are presented for 35 representative cases. The
relationship between the rotation angles of the two-layer meta-
surfaces and the deflection angles of the output beam is sum-

marized in Table 2.

Table 1. Simulated output beam parameters corresponding to different rotation angles of the single-layer twisted metasurface.

No. 01 (°) (6u,0u) . °) No. 01 (%) (6u1,0u) . °) No. 01 (°) (6k1,¢1) °,°)
1 0 (17.25, 89.03) 5 -120 (17.46, -30.38) 9 120 (17.46, -149.62)
2 -30 (17.46, 59.62) 6 -150 (17.46,-59.62) 10 90 (17.46, 179.03)
3 -60 (17.46, 30.38) 7 -180 (17.46, -89.03) 11 60 (17.46, 150.38)
4 -90 (17.46, 0.97) 8 150 (17.46, -120.38) 12 30 (17.46, 120.38)

Table 2. Simulated output beam parameters corresponding to different rotation angles of the double-layer twisted metasurface.

No. (61,62) °,°) (61, 1) °,°) No. (6,,62) (°,°) (61, ¢01) (°,°)
(0, 0) (0.41, 135.0) 18 (-115, -65) (14.85,-91.12)
1 (~10, 10) (6.06,-2.73) 19 (45, 135) (24.65, 90.69)
2 (=25, 25) (14.85, 1.12) 20 (~15,-105) (252, 120.5)
3 (-45, 45) (25.29, -0.67) 21 (15, -75) (25.2, 149.5)
4 (~60, 60) (31.18,0.56) 2 (75, -15) (25.2,-149.5)
5 (=90, 90) (36.73,-0.48) 23 (105, 15) (25.2,-120.5)
6 (10, -10) (6.06,-177.27) 24 (135, -45) (24.65,-89.31)
7 (25,-25) (14.85, 178.88) 25 (-105, -15) (25.2,-59.5)
8 (45, -45) (25.29,-179.33) 26 (-75,15) (25.2,-30.5)
9 (60, —60) (31.17, 179.44) 27 (-15,75) (25.2,30.5)
10 (90, -90) (36.73,-179.52) 28 (15, 105) (25.2,59.5)
11 (~80, —100) (6.06, 87.27) 29 (-105, 15) (31.25,-45.0)
12 (100, 80) (6.06,-92.73) 30 (~180, 0) (36.73,-90.48)
13 (=35, -55) (6.12, 135.0) 31 (105, -15) (31.25,-135.0)
14 (55, 35) (6.12,-135.0) 32 (15, -105) (31.25, 135.0)
15 (=55, -35) (6.12, -45.0) 33 (0, 180) (36.73, 90.48)
16 (35, 55) (6.12,45.0) 34 (~15, 105) (31.25,45.0)
17 (65, 115) (14.85, 88.88)

Here, 6; and 6, represent the rotation angles of the first
and second metasurface layers, respectively, while 6;; and ¢
denote the elevation and azimuth angles of the output beam.
The elevation angles span from 0° to 36°, and the azimuth
angles range from —180° to 180°, demonstrating the meta-
surfaces’ ability to direct beams across a wide angular range.
The beam can be steered to arbitrary positions within the two-
dimensional output plane, and the theoretical maximum ele-
vation angle of O, = arcsin (2C) = 36.87° is achieved. The
double-layer twisted metasurface exhibits an average transmit-
tance of 87%. Compared to a single-layer design, the stacking
of multiple metasurfaces generally leads to reduced efficiency
due to increased scattering and interface losses. Figure 5(c)
plots the normalized output intensity as a function of deflec-

tion angle for 11 selected cases (No. 0 to 10 in Fig. 5(b)).
The results indicate that the beam maintains strong directiv-
ity, with the output power gradually decreasing as the deflec-
tion angle increases. To quantify beam quality, we calculate
the side-mode suppression ratio (SMSR) and the full width at
half maximum (FWHM). The FWHM is defined as the angular
width at half the peak power of the main lobe. Within the de-
flection range of —25° to 25°, the FWHM remains constant at
3.62°, indicating minimal beam divergence. When the deflec-
tion angle increases beyond 31°, the FWHM slightly broadens
to 5.42°, suggesting a moderate degradation in beam confine-

ment. The SMSR is further used to evaluate sidelobe suppres-
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sion, defined as

Imain 10be

SMSR = 10log, ( (14)

).

The average side-mode suppression ratio (SMSR) of the beam

I side lobe

steering device reaches 27.3, indicating minimal sidelobe en-
ergy and strong main lobe confinement. This level of perfor-
mance is suited for high-precision optical systems and long-
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range beam delivery applications. Within the deflection range
of —15° to 15°, the SMSR exceeds 30, further confirming the
system’s excellent directivity. By tuning design parameters
and optimizing structural configurations, the cascaded meta-
surfaces can achieve even broader deflection ranges and en-
hanced beam quality, establishes a promising platform for the

realization of three-dimensional zoom optics.
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Fig. 5. Beam steering performance of twisted metasurfaces. (a) Simulated one-dimensional beam deflection controlled by a single-layer twisted
metasurface. (b) The 2D beam steering realized using a cascaded double-layer twisted metasurfaces. The central reference point is labeled as
0. (c) Far-field power distribution as a function of elevation angle for selected cases (0—10) shown in panel (b). (d) Corresponding side-mode
suppression ratio (SMSR) and full width at half maximum (FWHM) for cases 010, illustrating beam quality under varying deflection conditions.

3.2. On-axis zoom and off-axis focusing of vortex beams

To demonstrate the capability of the proposed cascaded
metasurfaces architecture in manipulating vortex beams in
3D space, we design three cascaded metasurfaces based on
Eq. (12), with / = 1. The light field intensity of the out-
put beam is calculated using a plane-wave angular spectrum
diffraction method. In this off-axis control scenario, the out-
put aperture significantly exceeds the size of the input plane,
rendering the conventional angular spectrum method unsuit-
able. As this method relies on a pair of Fourier transforms,
it requires the input and output planes to be of equal dimen-
sions. Simply enlarging the input window to match the out-
put field would dramatically increase computational load and
memory demand. To address this, we employ an improved
off-axis angular spectrum algorithm, %3 optimized for prop-
agating large-scale wavefronts that cannot be fully stored in
memory simultaneously. The propagation of the optical wave
in the off-axis configuration is illustrated in Fig. 6, where
uo (x0,y0,0) defines the field distribution at the input plane
(x0,¥0,0), and u(x,y,z0) denotes the field distribution at the
observation plane (x,y,zo) under monochromatic illumination
of wavelength A. This method accommodates both short-
and long-distance propagation, and suppresses aliasing arti-
facts by bandwidth-limiting the transfer function and filtering
high-frequency components that do not contribute to the de-
sired optical field evolution.

To evaluate the zooming capability of the cascaded meta-
surfaces system, we fix the first and second metasurface and
vary the rotation angle of the third metasurface from 0° to 60°,
selecting five representative angles: 5°, 10°, 20°, 30°, and 60°,
for demonstration. According to Eq. (13), the theoretical focal
length is inversely proportional to the relative rotation angle,

yielding focal lengths of 36 fy 18 fo, 9 fo, 6 fo, and 3 fo, respec-
tively.

Input plane

A 2

)

Observation plane

uo(Z0,40,0) u(z,y,20)

Fig. 6. Improved off-axis angular spectrum algorithm capable of com-
puting optical fields on arbitrary planes in 3D space.

Figure 7 presents the normalized light field intensity dis-
White dashed lines indicate
the focal planes. As the rotation angle increases, the focal

tributions on the XOZ plane.

length decreases accordingly, and the simulated focal positions
closely match the theoretical values. Specifically, the focal
lengths achieved for the selected rotation angles are 85.45 mm,
43.64 mm, 22.27 mm, 14.85 mm, and 7.42 mm, corresponding
to a 12x continuous zoom ratio. At larger rotation angles, the
device exhibits shorter focal lengths, stronger focusing, higher
energy concentration, and reduced depth of field. In contrast,
smaller rotation angles produce longer focal lengths, broader
focal spots, more dispersed energy, and increased depth of
field. This behavior arises from the increase in numerical aper-
ture associated with larger rotation angles, which enhances the
focusing capability of the vortex beam while keeping the in-
put aperture constant. The central column of Fig. 7 shows the
transverse light field distributions on the XOY plane at each
focal plane. As expected for a vortex beam with topological
charge / = 1, the intensity profiles exhibit characteristic donut-
shaped patterns with a central dark core, an optical singularity.
As the rotation angle increases, the dark core contracts and the
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radius of the surrounding intensity ring decreases. The right-
most column of Fig. 7 shows the corresponding phase distribu-
tions, revealing a helical phase profile with a single 27 cycle,
confirming the generation of a first-order vortex beam. For
the triple-layer configuration, the average transmittance de-
creases to around 73%. This gradual reduction in transmit-
tance with increasing number of layers is primarily attributed
to additional scattering, interface reflections, and cumulative

fabrication imperfections.

XY phase

XZ intensity

XY intensity

75 150
z (mm)

Fig. 7. Zoom control along the vortex beam axis. Intensity and phase dis-
tributions of the output field for relative rotation angles of MS3 with respect
to MS2 of (a) 5°, (b) 10°, (c) 20°, (d) 30°, and (e) 60°. For each case, the
left subpanel shows the light intensity distribution on the xz plane, the center
subpanel presents the transverse intensity distribution on the xy plane at the
focal plane (the dashed line in the xz plane), and the right subpanel displays
the corresponding phase distribution on the same focal plane.

To demonstrate the device’s capability for three-
dimensional tunable vortex beam focusing, we first verify
its longitudinal (z-axis) focal length adjustment. Simultane-
ously, we assess transverse plane focusing control by inde-
pendently manipulating the relative rotations between meta-
surfaces. Specifically, the relative rotation between MS2 and
MS3 modulates the focal length of the cascaded device, while
the rotation between MS1 and MS2 controls the deflection
angle of the output beam. Taking the long-focus (12x) and
short-focus (1x) states, achieved by rotating MS3 by 5° and
60° relative to MS2, respectively, as examples, we select nine
target positions on each focal plane (labeled O to 8 for 12x,
and 9 to 17 for 1x) to evaluate device performance (as shown
in Figs. 8(a) and 8(b)). Insets display the vortex beam in-
tensity profiles at these positions. By independently rotating
each metasurface, the vortex beam is precisely steered to cor-
responding locations in 3D space, in excellent agreement with

theoretical predictions from Egs. (9) and (12). The device
achieves a maximum dynamic control range of +48 mm in
the transverse plane and from 7.42 mm to 85.45 mm along
the longitudinal axis. For both long- and short-focus states,
vortex beams maintain symmetry at small deflection angles
(highlighted by the purple circles in Figs. 8(a) and 8(b). As
shown in Fig. 3, larger output deflection angles require steeper
phase gradients at the edges of the cascaded phase profile.
This increases the risk of undersampling, which can lead to
aberrations, [®° and also highlights the inherent limitations of
the global phase tuning mechanism.®”! As a result, asymmet-
ric features appear in the vortex beam during the deflection
process at larger angles, as illustrated in Fig. 8, causing asym-
metry in the vortex beam profile that rotates with the metasur-
face orientation. Such aberrations can be mitigated by further
optimization of the phase distribution parameters,®”l as well
as by employing different phase engineering approaches®®! to
improve edge sampling and compensate for the limitations of
global phase tuning. Leveraging the moiré effect, the device
attains large magnification and zoom capabilities, enabling
even small-angle deflected vortex beams to access a broad spa-
tial control range in three dimensions.
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Fig. 8. Off-axis control of vortex light. Vortex beam intensity distributions
on the transverse plane corresponding to MS3 rotation angles of (a) 5° and
(b) 60° relative to MS2.

4. Conclusion

In summary, our work demonstrates the feasibility and
potential of cascade metasurfaces based on the principle of
moiré effect in the manipulation of vortex light. Using the
phase distribution of gratings, lenses and spiral phase plates,
we designed three cascade twisted metasurfaces, which are
used to realize the functions of beam deflection, focusing and
simultaneous deflection and focusing control of vortex light.
We verified that the cascade device for beam deflection can
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achieve a wide range of elevation deflection from 0° to 36°
and azimuth angle control from —180° to 180°. And its con-
trol range can be further expanded with the setting of relevant
parameters. In addition, the focal length control range of the
cascade device used to control the zoom and deflection con-
trol of vortex light can achieve 12 times zoom (7.42 mm to
85.45 mm), and it has the ability to simultaneously control
the movement of vortex light of arbitrary cross-section, and its
maximum lateral dynamic control range is from —48 mm to
48 mm. While spatial light modulators (SLMs) can generate
arbitrary programmable phase profiles and are often used to
produce vortex beams, they are bulky and expensive, which
limits their integration and flexibility in compact optical sys-
tems. Their operation depends on the reorientation of liquid
crystal molecules under an electric field to modulate the inci-
dent light’s phase via polarization manipulation, which simul-
taneously alters the output polarization. This necessitates the
use of linearly polarized input light aligned with the extraor-
dinary axis of the liquid crystal layer, as any misalignment re-
sults in partial phase modulation and undesired zeroth-order
diffraction. Moreover, SLMs require continuous electrical
control and suffer from limited refresh rates, further restrict-
ing their dynamic performance. Other conventional methods,
such as computer-generated holograms or fork gratings, usu-
ally produce fixed topological charges and do not allow dy-
namic tuning of beam properties. In contrast, the proposed
moiré metasurface approach offers a compact, passive, and
polarization-insensitive alternative with strong functional ex-
pandability. By rotating individual metasurface layers relative
to each other, multiple beam parameters including beam direc-
tion, focal length, and topological charge can be continuously
and jointly tuned. Notably, the proposed moiré metasurface
approach is not limited to the control of vortex beams (OAM
modes) alone. The underlying principle is equally applica-
ble to other types of structured light, such as Bessel beams!®’]
or Airy beams. 7] Furthermore, the method is not restricted
to continuous 3D spatial modulation; it can also be extended
to dynamically control the beam order, diffraction length, and
other characteristic parameters of structured light. Impor-
tantly, the proposed system operates in an electrode-free and
mechanically static manner, offering high tunability in multi-
ple degrees of freedom without relying on external electronics
or moving parts. Its architecture is scalable and spectrally ver-
satile, extending from the visible and near-infrared to the tera-
hertz regime, and even to acoustic waves, making it well suited
for compact and programmable optical and wave-based plat-
forms. Nevertheless, the current implementation relies on me-
chanical tuning, and the modulation speed is inherently limited
by the mechanical rotation system. In addition, the method re-
quires simultaneous control over both rotation and alignment
of multiple metasurface layers, placing high demands on the

precision and stability of the adjustment mechanism. In future
work, advanced imaging algorithms can be integrated into the
system to enhance the quality of beam control, improve ef-
ficiency, and achieve dynamic adaptability, opening up new
possibilities for complex scenarios such as 3D laser etching or
3D trajectory capture and manipulation of particles.
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